ABSTRACT Mott cells are atypical plasmacytes recognized microscopically by endoplasmic reticulum (ER) distensions (Russell bodies) a result of retained secretory product (antibody). Originally associated with parasitism, they are observed in a broad spectrum of immunopathology, sometimes involving hypergammaglobulinemia. Few descriptions of Mott cells appear in avian literature. The purpose of the manuscript is to provide examples identified by light microscopy in three poultry species. Transmission electron micrographs (TEM) of plasmacytes from the turkey oviduct mucosa are included for comparison with Mott cell light microscopic images. Wright's stained blood and bone marrow from commercial and specific pathogen free (SPF) chickens, ducks, and turkeys are the sources. Mott cell positive samples commonly occurred with leukocytosis or leukemoid reactions, polymicrobial bacteremia, and fungemia. Atypical granulocytes and leukocytes regularly accompanied Mott cells. It is proposed that circulating Mott cells are "sentinels" indicative of stress, dyscrasia, and pathology. Moreover, Mott cells, like other atypia, complicate the interpretation of simple heterophil/lymphocyte (H/L) ratios. As Mott cells are defective plasmacytes these observations address hematology, immunology, pathology, and welfare issues.
INTRODUCTION
Plasmacytes are rare in circulating blood of healthy animals. For example, only 2 were found per μL of blood of healthy humans. Most secrete IgA and originate in the gut mucosa (Caraux et al., 2010) . If a similar frequency occurs in avian blood, approximately 1 plasmacyte per 2,500 leukocytes (0.04%) would be expected. Given that scarcity, they would not be detected in a 100 cell differential count, a hematology technique widely used to determine heterophil/lymphocyte (H/L) ratios and welfare. Defective plasmacytes or those secreting isotypes other than IgA may be more frequent with disease or stress (Mei et al., 2009 ). Mott cells, plasmacytes with distinct secretory defects, recognized microscopically as endoplasmic reticulum distensions (Russell bodies) are in this category. They were observed in 8% of blood samples from 2 consecutive flocks of caged commercial hens not otherwise known to be diseased (Cotter, 2015b) .
Described over a century ago in connection with parasitemia (Mott, 1905) , they were later implicated in a wider pathologic context by Zlotnick (1956) and Zlotnick et al. (1959) . Their striking light-microscopic C 2016 Poultry Science Association Inc. Received June 16, 2016. Accepted July 2, 2016. 1 Corresponding author: kamcotter@juno.com feature, a conspicuously distended endoplasmic reticulum (ER), accounts for alternate names, "grape" and "morula" cells. This feature results from accumulated secretory product (antibody) (see Hasegawa 2013 for a review). Some Mott cells display a capacity for phagocytosis (Cotter, 2015b) suggesting they are not completely dysfunctional. Wight et al. (1971a,b) and Rothwell et al. (1972) provided elegant descriptions of the morphology, histochemistry, and ultrastructure of avian Mott cells located in the Harderian gland an orbital lymphoid/tear tissue.
Diagnostically, a Mott cell detected during a differential count of blood or by examination of bone marrow is remarkable as it infers stress or a pathological condition. They indicate a "complex leukogram" and often occur with high total white cell counts (TWBC).
The primary objective of this manuscript is to expand observations of Mott cells with light microscopic images of examples found in three poultry species. Transmission electron micrographs (TEM) of plasmacytes of turkey ovarian mucosa are included to better appreciate the nature of Mott defects.
MATERIALS AND METHODS

Blood, Bone Marrow, and Stain Procedures
Specimens, species, and the sources or relevant citations of the tissue used in this study are given in 325 Table 1 . Venous blood (1 to 3 mL) was drawn into tubes containing EDTA anticoagulant, or was spread directly onto microscope slides at the point of origin. After airdrying and post fixing in EtOH or MeOH, slides were stained using an in-house version of Wright's method followed by a brief secondary exposure to Giemsa, after Smith (1947) . Bone marrow samples were made on site by impressing the cut femur surface onto microscope slides, spreading marrow into monolayers, and staining by the blood film method.
Differential Counts
A standard differential count (SDC) is composed of two parallel sweeps of 200 blood leukocytes. The first starts near Vernier gauge position 5 mm of the microscope's mechanical stage and continues in one direction until at least 200 leukocytes are counted. A second count starts near the 10 mm position and proceeds as above. Leukocytes are sorted on morphological criteria described by Lucas and Jamroz (1961) and Cotter (2015a,b,c) into the following categories: small "resting" lymphocytes (Ls) medium/large and reactive lymphocytes (Lm), monocytes (Mn), heterophils (typical HT, variant HV, and classic HC types), basophils (Ba), and eosinophils (Eo). Atypical lymphocytes and Mott cells were included in the Lm group. Due to a high frequency of atypia and other hematological abnormalities, SDCs were not possible for some duck and turkey blood samples. Bone marrow samples were not differentiated.
H/L 1, H/L 2, H/L and TWBC Calculations
The H/L 1 is the ratio of the sum of (3) heterophil types (typical, variant, classic) to the number of small "resting" lymphocytes (HT+HV+HC)/(Ls). Division of the same heterophil value by the sum of lymphocyte types (resting, reactive, and atypical) gives the H/L 2 ratio (HT+HV+HC) / (Ls+Lm). TWBC were estimated from SDC slides by a modification of a method described in Campbell and Ellis (2007) using a doubling adjustment applied only to thinly populated blood films. Additional SDCs and TWBCs were determined if leukocytes were non-randomly distributed ("sorting"). In other instances clotting rendered it impossible to determine the TWBC accurately. When agglomerated cells (6-cell minimum), also referred to as "reactive clusters" (RC, see examples in Figure 4C and D) were included in TWBC calculus 'R' identifies the count (Table 2) . When combinations of unusual cells (atypia), high H/L ratios, and high cellularity (TWBC) occur in a sample it is described as exhibiting an "complex leukogram".
Light Microscopy and Photomicrographs
Microscopy was with an Olympus CX-41 light microscope (Olympus America, Center Valley, PA) equipped with Plan N 40×, 0.65 numerical aperture (high dry), and Plan N, 1.25 numerical aperture 100× (oil) objectives. Images were photographed at 100× with an Infinity-2 1.4 megapixel CCD USB 2.0 Camera, and captured with Infinity Analyze software (Release 5.0.2) (Lumenera, Inc. Ottawa, Ontario, CA). Cell sizes can be estimated using the average length of erythrocyte long axes (chicken ∼10 μm, duck ∼11 μm, and turkey ∼12.5 μm) as standards.
Transmission Electron Microscopy (TEM)
Large White turkey hens in egg production were euthanized by cervical dislocation and the oviduct lining the uterovaginal junction exteriorized. Mucosal folds were isolated and fixed overnight at room temperature in either 2% glutaldehyde in 0.1 M cacodylate buffer or 3.0% glutaraldehyde and 2.0% paraformaldehyde in 0.1 M cacodylate buffer. Following fixation, the mucosal folds were washed in buffer, and trimmed to 3 to 4 mm sizes. All trimmed specimens were post-fixed in 2% osmium tetroxide buffered in 0.1 M cacodylate. Samples were dehydrated in ethanol and embedded in Spurr Low-Viscosity Embedding Media (Polyscience). Thin sections were cut on a Reichert A/O Ultracut microtome using a diamond knife (Diatome) and mounted on 400 mesh Ni grids. Sections were stained with 4% aqueous uranyl acetate (w/v) for 15 minutes followed by 3% aqueous lead citrate (w/v) for 5 minutes. Specimens were viewed with a Hitachi HT 7700 TEM (Hitachi High Technologies America) and the images captured with an AMT XR-41C 4 megapixel camera. TEM images include a 1 μm or 2 μm bar. 
RESULTS
Mott cell frequencies ranged from 0.2 to 1.9% (Table 2) . They were not found alone or in samples with "normal hemograms". Bone marrow Mott cells, as do circulating types, always occurred in the company of multiple atypia. All light micrographs are 100× (oil) images.
A "grape-cell" example with distended ER cisternae separated by dense azure rims is in Figure 1A (Lm). Several lighter areas, "Dutcher bodies" (invaginations of Ig filled cytoplasm) appear in the nucleus (Dutcher and Fahey, 1959) . Two heterophils, technically "typical" types (HT) display irregular nuclei, and a small atypical lymphocyte (Ls) are in the same field. Cell associated and free bacteria are located by asterisks. All were circulating in a 56 wk LSL hen whose TWBC (80 to 200 K) indicated a leukemoid reaction. However, the calculated H/L 1, H/L 2, and ΔH/L were unremarkable without including the "R" SDC data ( Table 2) .
Examples of transdifferentiated Mott cells, a state where characteristics of distinct lineages are expressed in one cell (Slack, 2014) were found in mature hens and young SPF chicks. In Figure 1B , a Mott cell (Lm) from blood of a 48 wk (LSL) hen displays duel plasmacyte/granulocyte features. Its chromatin and eccentric nucleus are lymphocyte types; the clear cytoplasmic vacuoles are Mott characteristics, and the deep purple granules resemble basophils. Furthermore, its size (67 μm 2 ), amoeboid shape, and deep blue cytoplasmic edges, are features developmental cells. These multiple atypia contrast with the nearby normal neighbor, a small "resting" lymphocyte (Ls). A Figure 1A Lm shows a classic Mott "grape-cell" type, two "typical heterophils" (HT) with irregular nuclei, and an atypical small lymphocyte (Ls); found in a 56-wk-old LSL hen. Figure 1B and C. Lms are transdifferentiated types from a 48 LSL wk hen, and a 6 wk SPF chick respectively. Figure 1D . Lm is an anuclear "leukoplastid" type in blood of a 77 wk LSL hen.
blood cell of a 6 wk isolator raised SPF chick (Lm, Figure 1C ) has several features resembling those seen in Lm of Figure 1B . The nucleus is lymphoid but the blue-gray hue of the background cytoplasm, the vacuoles and granules, are features of developmental granulocytes.
A rare anuclear Mott plasmacyte, a "leukoplastid" (Lm, Figure 1D ) was in blood of a 77 wk LSL hen. While erythroplastids (anuclear erythrocytes) have Figure 2A . Lm is a Mott cell with distended cysternae in blood of an 18-wk-old LSL hen. Figure 2B Lm is a bone marrow type from lame broiler (Ross) chick at 6 wks; bordered by a classic heterophil (HC) a heterophil mesomyelocyte (HCm) and a monocyte with a Dutcher body (Mn). Figure 2D . Lm1 and Lm2 are large bone marrow types; Lm3 is a medium size lymphocyte, P1 and P2 are typical plasmacytes from a lame 6 wk (Maple Leaf) duck. A bacterium has attached to Lm 1 (asterisk) and two others are at either side of P1. A classic heterophil (HC) and a degraded typical heterophil (HT) are in the same field.
been described (Lucas and Jamroz, 1961) , this example of a Mott leukoplastid is the first report.
Large and unusual Mott cells of blood and bone marrow are in Figure 2 . A large circulating example (∼113 μm 2 ) whose swollen irregularly sized cisternae have forced the nucleus to the periphery was in a 18 wk hen, Figure 2A (Lm). A large (∼223 μm 2 ) bone marrow Mott cell with irregularly sized cytoplasmic vacuoles, and a nucleus with faint marginalized chromatin was in a 6 wk broiler, Figure 2B (Lm). The edges of the ER cisternae are clear and the PM lacks the deep stained edges of the Figure 2A Lm. This cell, perhaps already containing an internal bacterium ( Figure 2B , asterisk), appears to be in the initial phase of phagocytizing a degraded classic heterophil (HC, arrows). Also observed in Figure 2B are a rubricyte, a developmental erythrocyte (Eb) and several later-stage polychromatic erythrocytes located at the bottom edge.
A large bone marrow example (∼130 μm 2 ) with a low nuclear/cytoplasm ratio (0.5) and variably sized cisternae is from a lame 6 wk broiler (Lm, Figure 2C ). The neighboring partially disintegrated cell with spherical purple and red-orange cytoplasmic granules is a heterophil mesomyelocyte (HCm, Figure 2C ). The neighboring large (85 μm 2 ) leukocyte (Mn, Figure 2C ) has a monocyte type nucleus containing a solitary "Dutcher body". The cytoplasm contains small vacuoles with Figure 3B . Lm is a Mott cell, Lb a lymphoblast, and 2 typical heterophils (HT) also from blood of a 10 wk tom. Figure 3C is a TEM of an early plasmacyte isolated from the oviduct of a turkey hen in production. Bar = 1 μm. Figure D . is a later plasmacyte with features suggestive of an emerging Mott cell. Bar = 2 μm. Organelle labels are nucleus N, nucleolus Nc, nuclear envelope NE, heterochromatin C, Golgi G, mitochondria Mt, surface filopodia F, and rough endoplasmic reticulum RER. Figure 3D is a plasmacyte with Mott cell features. The ER cisternae are distended in some places and constricted elsewhere. Some cisternae are forming pseudopods (S1, S2) two of which have separated from the mother cell (S3). A dilated cisternae (arrow) appears to be contiguous with a vacuole-like structure (R) containing degraded RER. A smaller secretory vesicle is to the left of the arrow. faint pink hues. These observations suggest Mn could transform into a classic (IgA) Mott cell.
Mott cells and typical plasmacytes were frequent in bone marrow of a lame 6 wk old duckling. Fourteen Mott type and 48 typical plasmacytes were counted in 10 random 100× fields. Two large Mott examples Lm 1(∼87 μm 2 ) and Lm 2 (∼100 μm 2 ) are in Figure 2D ; Lm 3 is a medium sized lymphocyte (∼54 μm 2 ) lacking Mott features or those of typical plasmacytes (P1 and P2) in which 'Hofs' are faintly evident. HT and HC are a degraded "typical" and "classic" heterophils respectively. The structure at the 1 o'clock position (Lm1) is likely a bacterium (asterisk) that appears to be in an early stage of being phagocytosed. Many other bacteria were seen in this sample; two surface associated examples are seen at either side of the P1 label.
Examples of turkey cells including Mott plasmacytes in a 10 wk tom are in Figure 3 . The four articulated cells in Figure 3A are a classic heterophil (HC); a rubricyte (Rb), an eosinophil (Eo), and a monocyte (Mn). Asterisks locate three cell surface associated bacteria, two small coccobacillus types, and one larger bacillus.
Turkey eosinophils may be mistaken for Mott cells because their cytoplasm appears vacuolated (Eo, Figure 3A ) an effect of solvents in use with Romanowsky dyes. A true turkey Mott cell (Lm) typical heterophils (HT) and a reactive lymphoblast (Lb) with several filopodia projecting from the PM are in Figure 3B .
TEM examples of turkey plasmacytes are in Figure 3C and D. Organelles are: nucleus N, nucleolus Nc, nuclear envelope NE, Golgi G, mitochondria Mt, surface filopodia F, and rough endoplasmic reticulum RER. Figure 3D is a plasmacyte but with features suggestive of an emerging Mott cell. In addition to a slightly irregular shaped nucleus with abundant heterochromatin (C) the ER cisternae are distended in some places and constricted elsewhere. Some cisternae are forming pseudopods (S1, S2, S3) partially (S2) and completely separated (S3) from the mother cell. A dilated cisternae (arrow) appears to be contiguous with a vacuole-like structure (R) containing degraded RER. A smaller secretory vesicle is to the left of the arrow. Collectively, these characteristics suggest that Figure 3D represents a nascent Mott cell.
Additional examples of Mott cell variation and associated atypia are in Figure 4 . A large Mott cell (∼130 μm 2 ) from the blood of a 78 wk commercial hen is surrounded by smaller lymphocytes ranging in size from ∼23 to 44 μm 2 ( Figure 4A ). Those whose (N/C ∼ 1) are resting types; reactive types are larger, have more cytoplasm, and lower (N/C ∼ 0.7) ratios. The Mott cell contains numerous small (<1 μm) clear cytoplasmic vacuoles, and a few that are faintly pink, each with distinct borders. A smaller cell (∼64 μm 2 ) having similar features, was in the blood of a 6 wk old duckling ( Figure 4B ). The arrow locates a solitary encapsulated bacteria.
Several kinds of leukocyte agglomerates, called reactive clusters (RC) were in Mott positive samples. When lymphocytes or monocytes predominate in an RC, it is described as a "white embolus"; if granulocytes predominate, it is described as a "leukergy" type (Fleck, 1949; Otremsky et al., 1993) either indicating infection. A white embolus containing 13 contiguous cells ranging in size from Ls (1) to Lm (2) and larger lymphoid cells (Lm 3, Lm 4) is in Figure 4C . The cytoplasm of the larger cells (70 to 80 μm 2 ) is patchy and appears to be assuming the Mott phenotype, more evident in Lm 3. A basophil (Ba) is at the lower left.
Many leukergy type RCs were in the same hen. A pair of adjacent RCs predominated by classic heterophils (HC) are shown in Figure 4D . The left RC is a pure HC type; the right RC contains reactive lymphocytes (Lm) a variant heterophil (HV) and a basophil (Ba). All HC nuclei are faint, indicating chromatin degradation. Several solitary bacteria and a tetrad are circled. Additional distinct types (species) of free and phagocytosed bacilli and cocci were in this sample, as were Figure 4A . A nest containing a large Mott cell surrounded by small lymphocytes ranging from resting (N/C ∼ 1) to reactive types (N/C ∼ 0.7) was in blood of a 77 wk (LSL) hen. Figure 4B . A Mott cell with cytoplasmic vacuoles varying in size and color was in blood of a 6 wk duckling. The arrow locates a solitary encapsulated bacterium. A white embolus containing 13 contiguous cells ranging from Ls (1) to Lm (2) and larger lymphoid cells (Lm 3, Lm 4) and a basophil (Ba) are in Figure 4C . Figure 4D is a pair of leukergy type RCs; the left member is a pure granulocyte type with degraded HCs. The right member is a mixed RC containing degraded HCs reactive lymphocytes (Lm) a solitary HV and a basophil (Ba). Free and cell associated bacteria are in the same field. Figure 4C and D were from blood of a 32 wk LSL hen. many degraded heterophils. All were in blood of a 32 wk (LSL) hen.
DISCUSSION
The chief purpose of this manuscript is to increase awareness of avian Mott cells by adding to examples recently described (Cotter 2015b) . Associating Mott cells with other aspects of complex hemograms is a secondary purpose, supported by the data of Table 2 . As they are not common in avian blood or bone marrow in the absence of additional atypia, they should be considered a sentinel. They indicate leukogram complexity; their presence infers stress and pathology and finding them is a remarkable hemogram feature.
As plasmacytes Mott cells are defective, unable to secret their primary product, antibody (reviewed in Hasegawa, 2013) . More information on these cells exists in non-avian species where they are associated with autoimmunity, leukemia, multiple myeloma, chronic infections, and uveitis (Zlotnick, 1956; Zlotnick et al., 1959; Iwamoto and Witmer, 1969) . Here they are shown to occur in important avian food animals; chickens, ducks, and turkeys, often coincident with polymicrobial bacteremia and fungemia (Table 2) . It is likely further study will establish associations with other avian diseases. As they are in the circulation or bone marrow of lame poultry this is already apparent.
As in mammals, avian Mott cells are heterogeneous group. Transdifferentiated types ( Figure 1B and C) perhaps corresponding to basophil/eosinophil hybrids described by Boyce et al. (1995) illustrate this point. The anuclear leukoplastid example ( Figure 1D ) expands the range of heterogeneity. Chen and Cooper (1987) described rare avian plasmacytes expressing two antibody isotypes. The color variation of vacuoles seen by light microscopy ( Figure 4A and B) may be due to multiple isotypes or other differences in their content. The cisternae differences more apparent by TEM ( Figure 3D ) add to what can be seen by light microscopy. This combination of observations suggests descriptions of Mott cells may need revision. Perhaps additional TEM information and histochemical study might accomplish this need. Sawitsky et al. (1954) described unidentified reticuloendithelial cells in bone marrow and spleens of human patients with normal hemograms and hepatosplenomegaly. The ER of these cells was distended by periodic-acid-Schiff positive material, suggesting antibody, the classic "Russell bodies" of Mott cells. Sawitsky's cells resemble Lms of Figure 2C and D, and they are a likely consequence of spontaneous bacterial chondronecrosis with osteomyelitis (Wideman and Prisby, 2013) . However, unlike Sawitsky's patients, whose hemograms were normal, avian Mott cells occur with complex hemograms and hypercellularity (Table 2) .
Mott cells with large cisternae resembling Figure 2A and B were seen in patients with chronic nongranulomatous uveitis (Iwamoto and Witmer, 1969) . Collectively these observations implicate Mott cells in inflammatory diseases in diverse species. By themselves, Mott cells may not cause inflammation but it seems clear their presence infers it.
The nature of the secretory defect of avian Mott cells is currently unknown, and there may be several. A high incidence of Mott cells containing intra-nuclear inclusions (Dutcher bodies) were in myeloma patients. Since these were periodic-acid-Schiff negative and contained Bence-Jones lambda chains, a defective glycosylation mechanism is suggested (Cohen and Lefer, 1975) . To date, few Dutcher body positive Mott cells have been seen in avians, one example (Cotter, 2015b ; Figure 7a ) is published. Dutcher positive nuclei were also in a myeloma patient whose plasmacytes resembled monocytes (van de Donk et al., 2012) . This case supports the possibility that a "monocyte" with a Dutcher positive nucleus (Mn, Figure 2C ) could assume a definitive Mott cell appearance. It is highly unlikely that all avian Mott cells share the same defect. Several distinct types occur in the me v mouse, a strain known for multiple impairments of the immune system (Shultz et al., 1987) . Wight et al. (1971a,b) and Rothwell et al. (1972) described Mott cells dispersed among normal plasmacytes in the chicken Harderian gland. They speculated a function in local anti-microbial defense. The description of Mott cells in uveitis patients (Iwamoto and Witmer 1969 ) and Rothwell's et al. (1972) ultrastructure descriptions, supports the association of Mott cells with ocular diseases. The turkey cells ( Figure 3C and D) parallel Rothwell et al. (1972) and Shultz et al. (1987) TEM observations of the integration normal with atypical plasmacytes, and their transition to full ER distention ( Figure 3D ) of classic Mott cells.
Reactive clusters (Figure 4C and D) often occur in bacteremia/fungemia positive blood films containing Mott cells. It is highly unlikely that these associations are fortuitous. Circulating RCs profoundly affect hematology statistics; their occurrence emphasizes the advantages of multiple counts in determining a leukogram. Table 2 indicates this because H/L ratios increased from 0.3 to 3.4 when RCs are included. RCs will also affect TWBC estimated by SDCs. This is because agglomerates reduce free cells elsewhere. Table 2 data places Mott cells in the context of stress. Mott positive blood films, high H/L ratios and cellularity, jointly describe complex hemograms associated with stress and pathology.
Given their nature as defective plasmacytes, and the contributions of avians to basic immunology; it is unfortunate that Mott cells were not in the B-cell story (reviewed in LeBein and Tedder, 2008) . The current observations, and those already published (Cotter, 2015b) may support a candidacy for inclusion in future versions of B-cell histories.
Genetic experiments, where antibody levels rise or fall via bi-directional selection, may be a logical place for a Mott cell study. Part of the progress in the downward direction could be due to increased frequencies of defective plasmacytes including Mott cells. Is there a possibility of a Mott cell antithesis, one with extraordinary secretory capacity? In vitro experiments indicate differences in Russell body formation tendencies among IgG hyper-secreting plasmacytomas subjected to stressful culture conditions (Stoops et al., 2012) . This suggests a similar situation could occur in vivo, and reinforces a Mott cell role as an avian stress sentinel.
In conclusion, Mott cells are more variable morphologically than has been recognized. Although individual Mott cells may be few, their presence in a SDC and bone marrow is remarkable. However, their relative scarcity even in complex hemograms reinforces the need for higher number SDCs if blood data are used to measure stress.
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